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Perforated pipes are commonly used in the construction industry for subsurface 
drains. These subsurface drains are installed to intercept and convey infiltrated runoff or 
groundwater. One common application of perforated pipe is to provide an under-drain for 
an infiltration trench or porous pavement best management practice (BMP). Perforated 
pipe is installed into a trench on a bed of aggregate ranging from 0 to 28 cm thick and, 
depending on the design objective, is laid flat or on a slope. However, the actual 
hydraulic performance of these pipes, i.e. the stage storage relationship, is poorly 
understood. The resulting flow is quite complex with porous media flow through the 
aggregate, multiple orifice flows into the pipe and pipe flow with lateral inflow along the 
length. This thesis presents results of an experimental investigation of the relationship 
between the height of water above the pipe, and the resulting discharge for a trench filled 
with aggregate that is fed with water from one end. The pipes tested were leached and 
perforated, for both 10.2 cm and 15.2 cm diameters. The pipes were tested for three 
different trench widths filled with 28 cm of #57 Stone. Three samples of each pipe size 
and type were tested with flow rates ranging from 0.002 – 0.018 m
3
/s. Two main flow 
types were observed, saturated, in which the aggregate layer is fully covered, and 
unsaturated, in which the free surface of the water is below the aggregate surface. Head 
discharge relationships for both conditions are presented. These results will enable design 
engineers to model the hydraulic behavior of under drained infiltration systems. This, in 
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CHAPTER 1  
INTRODUCTION 
 
Statement of Problem 
 The world’s population is growing at a rapid rate and with the rapid growth of 
population comes more construction; with more construction taking place the conversion 
of pervious land into mostly non pervious surfaces (roads, buildings, parking lots, etc.) is 
also increasing. As such, when a rainfall event occurs, these impervious surfaces increase 
the amount of stormwater runoff that needs to be collected to prevent flooding and 
maintain the downstream water quality. Currently, routing stormwater runoff uses a 
system of Runoff Curve Numbers (RCN) to determine the amount of direct runoff that 
will be produced from a given rainfall event and undeveloped or developed drainage 
basin. In today’s practice the post-development RCN needs to be as low or as close to the 
original pre-development RCN. To help with this, stormwater collection techniques have 
been developed to reduce the post development RCN as much as possible. Low impact 
development (LID), which is an approach to land development (or re-development) that 
works with nature to manage stormwater as close to its source as possible (United States 
Environmental Protection Angency, 2013), and best management practices (BMP), which 
are state-of-the-art mitigation measures applied to stromwater runoff to help ensure that 
treatment of runoff is conducted in an environmentally responsible manner (U.S. Bureau 
of Land Managment, 2012). Many of the LID strategies and BMPs use perforated pipe in 
various scenarios such as infiltration trenches, exfiltration/infiltration trenches, French 





lowering the overall RCN of the post development project. There are currently no models 
that can correctly account for the use of a perforated pipe in any of the scenarios 
mentioned above. This thesis presents results of an experimental investigation of the 
relationship between the height of water above the pipe laid on a flat aggregate bed and 
the resulting discharge for a trench that is fed with water from one end. 
Background and Need 
Perforated pipes are commonly used in the construction industry for subsurface 
drains in LID strategies and BMPs. These subsurface drains are installed beneath the 
ground to intercept and convey infiltrated runoff or groundwater. Typically, they are used 
to remove excess water from the soil (BMP-28) (Department of the Army, 1997) and to 
ensure that the drawdown requirements of the design are met. A perforated pipe is 
installed into a trench on a bed of aggregate ranging from 5 to 30 centimeters (cm) thick 
and, depending on the design objective, laid flat or on a slope. Once the pipe is laid, the 
same aggregate used for the bed is backfilled to the design depth.  
There is little literature available on the hydraulic behavior of such installations. 
Prior research by (Rosing, 1926) and (Jenks, 1921) focused on the use of perforated pipe 
for under-drains. Dow looked at uniform distribution of fluid flowing through a 
perforated pipe in 1950  (Dow, 1950). Other works were published in the 1940’s focusing 
on the use of perforated pipe as under-drains for rapid sand filters. These experiments 
involved the use of smooth PVC pipe with a series of holes drilled into them to create a 





the perforations. Dow (1950) focused on gaseous phase fluids in the use of industrial fuel 
burners. Stuyt, et. al. (2005) focused on the water flow into and inside the drain from the 
aquifer de-watering point of view. More recently, (Schwartz, 2010) treated a porous pipe 
under-drain in a previous pavement as an orifice at atmospheric pressure. This effectively 
ignores any losses from the flow entering and flowing along the pipe. A similar 
simplifying assumption was made by Akan (2013) in the analysis of bio-retention cells.  
Based on the literature review, there have been no studies focused on the 
hydraulic performance of perforated pipes placed in loose aggregate beds. However, 
given the increasing use of such pipes in LID/BMP applications in which they are 
immersed in aggregate, it is important to understand their behavior.  
Purpose of the Study 
The actual hydraulic performance of porous pipes, i.e. the stage - storage 
relationship, is poorly understood. The resulting flow is quite complex with porous media 
flow through the aggregate, multiple orifice flows into the pipe and pipe flow with lateral 
inflow along the length. The goal of this research was to investigate the relationship 
between flow depths, discharge, and pipe geometry with the use of under-drains that are 
placed into a horizontal trench with aggregate.  
Research Questions/Hypothesis 
 The goal of this thesis was to determine the stage - discharge relationships of 
under-drains, commonly used in industry, with the use of different pipe diameters and 





the pipe. An experimental investigation was undertaken to determine the relationship 
between the height of water above the pipe and the resulting discharge for a trench that is 






CHAPTER 2  
LITERATURE REVIEW 
 
Perforated pipes are used in industry for infiltration or exfiltration. The most 
common uses of perforated pipe include French drains, to reduce runoff from perforated 
storm sewer pipe system,   infiltration trenches and basins, subsurface drain (relief 
drainage or interceptor drains), under-drains in porous pavement, and organic filters 
(Field, et al., 2006).  
In the book published by the Food and Agricultural Organization of the United 
Nations, Materials for subsurface land drainage systems, the water flow into and inside 
the drain for de-watering purposes is investigated. (Stuyt, et. al 2005) discuss that 
according to Ernst (1954) that flow towards a subsurface drain can be described as 
vertical, horizontal, and radial flow. The first model assumes that there is an “ideal” drain 
placed which means that the entrance resistance into the pipe is neglected. Then a “real” 
drain model is used to account for the resistance at the entrance of the orifices. 
Appropriate soils for developing a drainage envelope for proper drainage is then 
discussed; if appropriate materials are placed around the drain (clay like materials or any 
material that is highly permeable), the drain can be considered and “ideal”. For 
determining the discharge out of the drain the Chezy-Manning Equation is used. Two 
transport principles are identified, first being with uniform flow and the second with non-
uniform flow. This yields the following results corrugated pipes with small corrugations 
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               (2.2) 
Where d is the diameter of the pipe and s is the hydralic gradient. However, no 
where does it mention the use of some type of filter fabric or sock to prevent the 
surrounding sediment from colloging the pipe. Also the only direction of flow in the soil 
studied is the vertical direction. The hydralic gradient must also be known for these 
equations to work and while this study looks at a more large scale use of drains in de-
watering aquifers where placing wells is common practice, the same can not be said for 
the samll application of this study when looking at BMP’s and LID’s.  
Due to human impact on the surrounding urban environment, the hydrological 
cycle has been significantly altered from its natural state of stormwater runoff from land 
into receiving waters.  With the passing of the Clean Water Act of 1972 the 
Environmental Protection Agency (EPA) has undertaken the task of protecting receiving 
waters from, more than 62 million acres of urban development throughout the country 
(Demographia, 2005) (Lansford, 2010). The EPA took the approach to control the 
stormwater stressor load by using best management practices (BMP) to assist in the 
restoration of receiving waters (Field, et al., 2006). Infiltration systems have become 
popular in aiding in the disposal of storm water runoff because of their ability to retain 
water and infiltrate it into the ground (Field, et al., 2006). Within the infiltration 
subcategory of BMP’s, infiltration basins, bioretention basins, infiltration trenches, and 





basins are typically shallow basins with an engineered soil media and an under-drain 
system. Filtration systems have an under-drain system where as it is not as common in 
the infiltration trench. This system allows stormwater to be detained and infiltrated into 
the soils and then discharged into the receiving water though the use of the under-drain 
(North Carolina Department of Transportation, 2008). Design considerations include 
pretreatment, treatment, conveyance, maintenance reduction, and landscaping. Under the 
conveyance the only consideration for designers is as follows: “Stormwater needs to be 
conveyed through stormwater management practices safely and in a way that minimizes 
erosion. Designers need to be particularly careful in ensuring that channels leading to an 
infiltration practice are designed to minimize erosion. In general, infiltration basins 
should be designed to treat only small storms (i.e., only for water quality). Thus, these 
practices should be designed "off-line," using a flow separator to divert only small flows 
to the practice.” (U.S. Environmental Protection Agency, 2012).  
Infiltration trenches are typically shallow (3-12 ft) excavated trenches that are 
lined with filter fabric and filled with a rock to create underground reservoirs that receive 
stormwater runoff (Field, et al., 2006). It is recommended that the design of an infiltration 
trench includes a dewatering method by the use of an under-drain system. (Maryland 
Department of the Environment and Center for Watershed Protection, 2009). Design 
considerations include pretreatment, treatment, conveyance, maintenance reduction, and 





In colder climates the use of under-drains can also improve infiltration through 
infiltration basins and trenches by draining the ground beneath an infiltration system. 
Infiltration into frozen soils is strongly influenced by the soil moisture at the time of 
freezing, with dry soils having significantly higher infiltration rates. A minimum 20.3 cm 
under-drain pipe, encased in gravel, can be used to drain the soils below infiltration 
basins. The under-drain is used to drain the soils before the winter season begins, and 
then closed throughout the winter. This allows the runoff to be filtered by the soil above 
the under-drain system, and the basin would act like a bioretention facility (The 
Stormwater Manager's Resource Center). 
In the Construction Manual for the Indiana Department of Transportation 
(INDOT) chapter 10 covers the under-drains used. The manual covers the types of under-
drains used, pre-construction, trench excavation, construction requirements, materials and 
basis for use, measurement, and basis for payment, however there is no data related to 
flow capacity, diameter requirements, and infiltration capacity for any of the permitted 
pipes used. Within the pre-construction sub section the only design requirement is that 
the minimum slope should be met which is 0.2% (Indiana Department of Transportation). 
In the new 2013 design manual the INDOT discuss the design requirements for the use of 
under drains alongside a roadway for removing water from the sub grade and pavement 
surface. The manual discusses a sizing requirement for new construction to use 15.2 cm 
pipe while rehabilitation of existing pavements requires a 10.2 cm diameter pipe. The 
manual then discusses the documentation that is needed for contract preparation; within 





sheet, detail sheets, and under-drain table. Within the under-drain table section it is then 
sub divided into three sections: under-drain pipe, outlet pipe, and outlet protectors. Under 
the under-drain pipe subcategory, beginning and ending stations, flow line elevation at 
beginning and ending stations, pipe size, special under-drain grade, pipe quantity, 
aggregate for under-drain quantity, HMA for under-drain quantity, and geotextiles for 
under-drain quantity are discussed. However, under this section, there is no required 
information on total flow volume routed, stage discharge relationships, etc.   (Indiana 
Department of Transportation, 2013)
1
 
Other types of BMP’s that use under-drains are filtration systems. A filtration 
system uses various granular filtration media to remove pollutants from stormwater 
runoff. Runoff percolates through the filtration media and is then collected in an under-
drain system and where it is then returned to a nearby water body. Types of filtration 
BMP’s include: Surface Sand Filters, Underground Vault Sand Filters, Perimeter Filters, 
and other more complex filtering methods to achieve the desired level of treatment. Each 
of these types of filter BMP’s use an under-drain system to discharge the treated runoff 
into nearby streams. The area of the sedimentation chamber may be determined based on 
the Camp-Hazen equation and the Center for Watershed Protection recommends using a 
settling velocity of 0.0004 ft/s for sand filters which is the only design flow characteristic 
that needs be meet. (U.S. Environmental Protection Angency, 2012)  
                                                 
1
 The 2013 INDOT Design Manual is currently being rewritten. The version cited was the latest complete 





Exfiltration trenches are similar to under-drain systems but instead of removing 
water from the surrounding soils, water is pumped through a perforated pipe and 
exfiltrated into the surrounding soils (South Florida Water Management District, 1987). 
Typically stormwater runoff is collected by catch basins which are located at the end of 
an exfiltration trench which then enters the pipe through an outlet control structure and 
ultimately discharges into the surrounding groundwater. Several different methods for 
calculating the required effective head, storage, length, etc. are presented that include the 
use of Storage-Recovery Methods, an Empirical Equations Method, and a design curve 
that provides the ratio between trench storage and the exfiltration from the trench to the 
soil (Florida Department of Transportation, 2012). 
With all of these different design manuals none of them quantitatively discuss 
how routing stormwater through a system, be it any of the BMP’s discussed above, is 
expressed numerically or analytically. It is a goal of this research to develop a numerical 
method for routing flow through a trench filled with aggregate that accepts water either at 












CHAPTER 3  
EXPERIMENTAL SETUP (MATERIALS AND METHODS) 
 
Materials 
The experimental set up consisted of a horizontal tee flume, two variable 
frequency drive (VFD) controlled pumps, two V-notched weirs, 10.2 cm and 15.2 cm 
porous pipes, and a Plexiglas dam in the downstream end of the T-channel through which 
the pipe discharged. The flume dimensions, in meters, were: the main channel 3.94 length 
x 1.02 width x 0.051 depth, the tee channel dimension, in meters, was 4.24 length x 1.02 
width x 0.076 depth with 20 cm behind each of the weirs. A top view schematic diagram 
of the flume setup can be seen in Figure 3-1. The cross section of the main channel of the 
flume (AA) can be seen in Figure 3-2. The specification for the pump motor and pump 
can be found in Table A-1 and A-2, respectively in Appendix A. Figure 3-3 displays the 
experimental setup, looking upstream from the sump pool, with labeled equipment. The 
















Figure 3-2. Cross section AA of flume. 
 
 






Figure 3-4. (A) pump used in experimentation. (B) the VFD controller used during experimentation. 
In this study, the experimental parameters can be divided into three different 
sections: pipe, aggregate, and flow. Table 3-1 details the individual parameters with the 
designation symbol, dimension, typical values and estimated parameter uncertainty. 
Two different pipe types were chosen to be tested; perforated and leached. These 
two types were chosen due to local availability and are the two most common types of 
porous pipe used for under drains. However, a 15.2 cm perforated pipe was unable to be 
obtained for testing due to local unavailability. Perforated pipes are plastic corrugated 
pipes with small slots along the entire circumference of the pipe, as seen is Figure 3-5.  
 





The 10.2 cm and 15.2 cm leached pipes have three circular holes located on the 
bottom half of the pipe when placed into the trench. The 10.2 cm leached pipes include 
holes with an area of 2.27 square centimeters (cm
2
) and the area of the 15.2 cm leached 
pipe holes are 3.14 cm
2
. The location of the holes for the leached pipe can be found in 
Figure 3-6. The leached pipes had holes that were not punched through all the way and 
had hanging pieces inside the pipe. These pieces were not removed to replicate the field 
placement that these pipes would experience. The pipes were attached to the dam at the 
downstream and a cap at the upstream end. Connections were made using 12.7 cm hose 
clamps. 7.5 meters of 0.48 cm tubing was used to create seven static manometers within 
the pipe. The pipe lengths were 0.23 m, 0.41 m, 0.69 m, 1.1 m, 1.7 m, 2.2 m, 2.8 m 
starting at the outlet and going along the length of the pipe.  
 
Figure 3-6. Leached Pipe Specification with the arrows representing the location of the inlet holes. (Roper, Solar 
Greenhouses, 2008) 
The dam on the downstream end was constructed with 1.9 cm Plexiglas. The dam 
was cut to a height of 58 cm, this allows water to over top the dam before overtopping the 
flume. A 20.3 cm piece of PVC pipe was used to connect the perforated pipe to the dam. 
A hole was cut in the dam and the PVC pipe was glued in place, then an end cap was cut 





seen in Figure 3-7. This allowed the invert to be approximately 11 cm from the bottom of 
the flume for the 10.2 cm pipes and approximately 7.5 cm for the 15.2 cm pipes.  
 
Figure 3-7. PVC pipe connector for the porous pipe that allows the pipe to discharge through the Plexiglas dam. 
The aggregate used was number 57 stone supplied by Vulcan Materials in 
Liberty, South Carolina. This size of aggregate was chosen based on specifications from 
the South Carolina Department of Transportation and the Federal standard (Department 
of Highways, 2006) (South Carolina Department of Transportation, 2008). Based on 
sieve analysis, the aggregate ranges from 2.38 mm to 3.18 cm. A total amount of 1.52 
cubic meters (m
3
) was used throughout the experiment.  
Concrete blocks were also placed in the flume to reduce the width of the channel 
for the “normal” and “narrow” trench experimental runs and were completely removed 
for the “wide” trench. The cinderblocks measure 40.6 length x 20.3 width x 15.2 depth 
cm and were placed in a single row on each side of the flume three blocks in height.  





cover. Figure 3-9 displays the flume with the “narrow” trench width with zero cover. 
Figure 3-10 displays the flume with the “wide” trench with zero cover. The cinder blocks 
on the “normal” channel were used as piezometers for measuring the water surface 
profile during the unsaturated testing conditions. For the “wide” and “narrow” trenches 5 
cm PVC pipe, with holes drilled at the bottom, was screen and placed into the trench to 
allow for the water surface to be measured during the unsaturated testing conditions. The 
narrow trench was lined to prevent water exchange from to the space behind the cinder 
block and the flume wall and the trench itself.  
 
 







Figure 3-9. "Narrow" trench width with the zero cover. 
 





Table 3-1. Experimental Parameters 
Parameter Symbol Dimension Values Error 
PIPE 
Length L L 3.05 m ± 0.001 




Friction factor - 10.2 cm 
f 
- 0.085 ± 0.01 
Friction factor - 15.2 cm - 0.093 ± 0.01 







 Cross sectional area - 15.2 cm 181.5 cm
2
 








Inlet area (Total) - Leached 15.2 cm 204.3 cm
2
 
Inlet area (Total) - Perforated 10.2 cm 263.9 cm
2
 
Orifice Coefficient of Contraction  




Orifice Coefficient of Contraction  
Leached 15.2 cm 
- 0.51 
 
Orifice Coefficient of Contraction  




Porosity φagg - 0.5 ± 0.1 
Hydraulic Conductivity (Vertical) Kv L/T 150 cm/s ± 50 
Hydraulic Conductivity (Horizontal) Kh L/T 150 cm/s ± 50 
Aggregate Depth h L 0 - 31 cm ± 1 
Trench Width W L 
43 - 
100 
cm ± 1 
Base Height B L 7 - 11 cm ± 1 
FLOW 





L/s ± 0.015 
Height of water at upstream end of pipe                     
(from centerline of pipe) 








For each experimental run, the pipe was installed and buried under the aggregate. 
The flume was then turned on to a fixed volume flow rate. The water level in the flume 
was then measured over time until a steady flow was reached, that is, the depth did not 
change over time. In this state, the volume flow rate over the V-notch weirs was equal to 
the discharge through the pipe. It was, therefore, possible to establish the head over the 
pipe required to drive the measured flow rate. The flow rate could then be changed and 
another steady state depth-flow rate pair measured.  
The V-Notch weirs were calibrated prior to running any experiments. A pump 
was turned on and the flow depth over the weir was measured. The flow rate over the 
weir was determined by filling a known volume in a measured time. This was 
accomplished by using a square bucket with a volume of 0.0608 m
3
 and a stopwatch. 
Once 15 different flow rate – depth over the weir pairs had been collected, the weir 
coefficient was determined from the V-notch weir equation: 
   
 
  






where    is the discharge coefficient for the weir,    is the gravitational constant 9.81 
m/s
2
, and    is the head on the weir in meters. The discharge coefficient for the weirs 
were experimentally determined to be 0.63 – 0.67 for side 1 and 0.64 – 0.67 for side 2. 
From the calibration curves for both weirs (Figure 3-11), a value of 0.65 was chosen for 





between a range of 0.0053 – 0.023 m
3
/s, while the maximum flow rate during the 




Figure 3-11. Calibration curves for the two V-notched weirs. 
The experiment was setup such that water was able to build up behind the dam 
and is only discharged through the pipe. The flow rate into the trench is controlled by the 
VFD. Pumps intake water from the sump pool and discharge water into the backside of 
the V-notched weir. The water then builds up behind the weirs and then discharges into 
the channel at the flow rate set by the VFD.  
The water then enters into the main channel where the perforated pipe and 
aggregate are placed. The perforated pipe rests on an 11 cm thick bed of coarse aggregate 
for the 10.2 cm pipe and 7.5 cm thick bed for 15.2 cm pipe. The pipes are capped at the 
y = 0.6503x 
Side 1 (Left) 
y = 0.655x 
























upstream end and attached to the dam on the downstream end of the main channel, to 
allow for water to discharge back into the sump pool.  
The pipes were first tested in the “normal” trench width condition which measures 
62 cm in width.  The pipes were outfitted with seven tygon tubes to measure the pressure 
at specific points within the pipe. The tygon tubes were placed on the bottom center line 
and a hole was drilled just wide enough to allow the tube to come out of the pipe. The 
tubes were then run down the length of the pipe and fed through the dam opening. They 
were then strung up and a meter stick was attached to record the static head. The pipes 
were then placed in a Drain – Sleeve, a filter fabric sock which meets ASTM standard 
D6707 for sediment control, and then laid into the flume. The filter sock was wash 
thoroughly after each run to remove the fines that had collected along it before it was 
used in the next run to keep the sock like new as long as possible. The filter sock did 
deteriorate over time and when the sock showed signs of wear it was replaced with a new 
one.  
The 10.2 cm pipes were tested first and then the 15.2 cm pipes were tested. The 
leached pipes were placed such that the holes faced down while the perforated pipes were 
placed such that the blue centerline on the top of the pipes faced upward. The 
manufacturer of the pipe prints the blue centerline on to the top of the pipe (centerline) to 
ensure that the pipe is placed correctly into the trench. Each pipe was then tested with a 
series of aggregate lifts ranging from no cover (aggregate cover height such that the top 





cm were the lifts tested for each pipe. For each lift, each pipe was tested in the saturated 
and unsaturated condition and for each condition for each of the five flow rates that were 
tested. The saturated condition refers to the condition when the aggregate is 100 percent 
saturated over the whole trench. The unsaturated condition is when the water surface 
level (WSL) is contained within the aggregate cover and the aggregate saturation is less 
than 100 percent.  
For each pipe, flow rate, lift, and, WSL were recorded around the flume as well as 
static pressure within the pipe. Weir head, depth upstream of the pipe, depth above invert 
of the pipe within the trench, and depth above aggregate cover are all WSL’s that are 
recorded for further analysis. Weir head was measured from the bottom of the V-notch 
with the use of a meter stick. The  depth upstream of the pipe was measured downstream 
of the weir and is measured from the bottom of the flume to the water surface The depth 
above invert of the pipe is measured only for the unsaturated condition. For this 
condition, four wells were placed into the aggregate to measure the WSL from the invert 
of the pipe (Figure 3-10). Depth above aggregate cover was only measured for the 
saturated condition and was the depth of the water surface over the aggregate. At this 
point, a picture was taken of the manometers and tagged to be recorded.  
After the normal trench testing was complete, the cinder blocks were removed to 
create a wide trench. This trench had a width of 99.7 cm. Again for each pipe, flow rate, 





Weir head, depth at the upstream end of the pipe, depth above invert, and depth above 
aggregate cover were recorded for further analysis.  
 
Figure 3-12. Whole experimental setup with descriptions of what and where each measurement was taken. 
After completion of the wide trench testing, the cinder blocks were placed back 
into the flume and offset from the flume wall by 8.9 cm. The cinderblocks were then 
placed into plastic bags with a 0.076 mm thickness. Then bags were placed between the 
wall of the flume and the back side of the cinderblocks and filled with sand. This method 
was chosen to prevent water from being stored behind the cinderblocks and to keep the 
experimental testing within the flume the same by preventing water from leaking through 
the cracks in the cinderblocks and entering the trench along the length of the pipe, instead 
of the open end of the trench; which is how the 62 and 99.7 cm trench widths were tested. 
Again, for each pipe, flow rate, lift, and WSL were recorded around the flume as well as 
Depth at the upstream 
end of the pipe 
measured here. 
Water surface profile 
measured here. 
Weir head measured here. 
Height above aggregate cover 








static pressure within the pipe. Weir head, depth at the upstream end of the pipe, depth 
above pipe, and depth above aggregate were recorded for further analysis.  
The full set of experimental parameters including the estimates of the uncertainty 
in their values can be found in Table 3-1. The Mannings n value for plastic corrugated 
drainage pipe, which was the style tested, typcially ranges between 0.01 and 0.02. The 
10.2 cm pipe was found to have a n value of 0.0175, which corresponds to a friction 
factor of approximatly 0.082 by using Equation (3.2) (Street, Watters, & Vennard, 1996). 
The 15.2 cm pipe was found to have a mannings n value of 0.02, which corresponds to a 
friction factor of approximatly 0.093. The vertical hydraulic conductivity ( ) of the #57 
stone was determined experimentally in a falling head test (ASTM D5856 "Standard Test 
Method for Measurement of Hydraulic Conductivity of Porous Material Using a Rigid-
Wall, Compaction-Mold Permeameter") and was found to range from 100 to 200 cm/s. 
The orifice coefficient of contraction (  ) is typically chosen as 0.62  (Calvert, 2003) for 
circular orifices, such as the type found the leached pipe, however experimental values 
will be caluculated to better calibrate the model. 
   












CHAPTER 4  
RAW EXPERIMENTAL RESULTS 
 
This chapter presents the raw experimental results to give a broad overview of the 
flow behavior and to highlight the difference between the saturated and unsaturated flow 
conditions. More detailed experimental results are presented along with theoretical 
models for the flow behavior in the following chapters.  
Figure 4-1 displays all the raw data collected from experimentation for all of the 
pipes tested. Although it is not clear in Figure 4-1, there is a clear shift in the data when 
the aggregate cover is completely underwater. This flow condition will be known as the 
saturated condition. Similarly, when the water surface is below the top of the aggregate, 
the flow condition will be known as the unsaturated condition. Figure 4-2, Figure 4-3, 
and Figure 4-4 display experimental data from a single test for the 10.2 cm leached, 15.2 
cm leached, and 10.2 cm perforated pipe, respectively to illustrate the shift occurring in 
the data when the flow transitions from the unsaturated condition to the saturated 
condition. There is a clear increase in the pipe discharge for depths slightly greater than 







Figure 4-1. All experimental raw data. The pipe size and type is abbreviated as L – leached and PF – perforated 

































Figure 4-2. Saturated and unsaturated test data for a 10.2 cm leached pipe. 
 
 

















































Figure 4-4. Saturated and unsaturated test data for a 10.2 cm perforated pipe. 
  
Examination of the water surface level within the aggregate layer shows that, for 
the unsaturated case, the water depth decreases in the downstream direction as seen in 
Figure 4-5 with Q1 =2000 cm
3
/s, Q2 = 2800 cm
3
/s, Q3 = 3700 cm
3
/s, Q4 = 4700 cm
3
/s  
and Q5 = 5900 cm
3
/s. However, for the saturated case the water surface is above the 
aggregate layer and is horizontal, as shown in Figure 4-6 with Q1 = 4750 cm
3
/s, Q2 = 
5900 cm
3
/s. With the two distinct cases, the raw data can be split into unsaturated and 
saturated zones as seen in Figure 4-7 and Figure 4-8, respectively.  These two cases are 




























Figure 4-5. Longitudinal variation of WSL for various flow rates in the unsaturated condition. Upstream end of 
the trench is located at 3 m and the outlet is located at 0 m.  
 
Figure 4-6. Longitudinal cross sectional schematic of the trench displaying different WSL for various flow rate 
























































































Figure 4-7. Raw data – Unsaturated 
 






















































CHAPTER 5  
ANALYSIS OF SATURATED RESULTS 
  
This chapter presents a detailed analysis of the saturated flow results shown in the 
previous chapter. First, a detailed dimensional analysis was conducted followed by an 
energy balance model that accounts for all the losses in the flow. The results were then 
presented in non-dimensional form and show good agreement with the proposed energy 
model.  
Dimensional Analysis of Saturated Experimental Data 
A dimensional analysis was performed on the parameters listed in Table 3-1 to 
understand what physical properties influence the flow through the system. The flow rate 
through the system can be written as a function of the measurable variables listed in 
Table 3-1. That is, 
   (                              )  
Figure 5-1 displays a longitudinal cross sectional diagram when in the saturated condition 
to define the parameters used. The flow rate is written as a function of the total driving 
head and the aggregate and pipe head loss properties. Since none of the variables have 
dimensions that include mass, the number of dimensions for dimensional analysis is two, 
length and time; thus, the repeating variables were chosen as gravitational acceleration 
( ) and pipe diameter ( ). After dimensional analysis, the following non-dimensional 
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Figure 5-1. Longitudinal cross sectional diagram when in the saturated condition to define the parameters used. 






For the saturated condition, the first set of non-dimensional groups will be  ̂ for 
the flow rate and  ̂ for the water height from the centerline of the pipe. Figure 5-2 shows 
 ̂  plotted against  ̂ for the 10.2 and 15.2 cm leached and 10.2 cm perforated pipes.  
 
Figure 5-2. ̂  vs. ̂  for leached and perforated pipe in the saturated condition. The line shown is the second 
order polynomial best-fit line.  
Solely using the non-dimensional water height, ̂, does not help to reduce the 
spread of the data that exists in the raw data. This is not surprising as there are an 
additional nine non-dimensional groups not represented in the figure. Further, given the 
large number of parameters, trial and error is unlikely to provide a parameterization that 
completely collapses the data onto a single line. Even if one were successful in that 



















endeavor, the result would provide only limited physical insight into the problem. As 
such, a theoretical model that accounts for the physics of the problem is required.   
Predictive model for pipe discharge under saturated condition 
In order to better understand the problem the energy equation was applied to the 
system. Here the datum was chosen to be the invert of the pipe; however the location of 
the datum was arbitrary. As such, the energy equation for the system can be written as: 
                
(5.1) 
Determining the losses is particularly easy for the saturated case as the water 
surface is level and, as such, the losses in the flow are largely due to vertical movement 
through the aggregate and the losses along the pipe.  
The main losses are the head loss due to flow through the aggregate given by 
Darcy’s law assuming flow is predominantly in the vertical direction. 
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(5.2) 
And the losses due to flow into the pipe, along the pipe, and the exit loss at the end of the 
pipe: 










     
 
  
   






Where    
    
 
  
   and    is the orifice coefficient of contraction. Note that the terms in 





pipe orifice and along the pipe will not be uniform due the the flow rate varying along the 
pipe. However, they do provide a first order approximation for the losses. 
Balancing the driving head ( ) with the losses in Equations (5.2) and (5.3) leads 
to an expression for the total head loss in the system: 
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Substituting in Q, the following is obtained: 
 
  
    
  
  






       
    
  
        
      
 
(5.5) 
Therefore, (5.5) can be written as: 
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(5.6) 
which is a quadratic equation in   that can be solved for a given set of parameters. 
Solving for Q, the following results were obtained:  
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Note that the porosity of the aggregate appears alongside the pipe inlet area to account for 
any potential blocking of the inlets by the aggregate. The coefficient of contraction (  ) 
was determined experimentally by placing the pipes in the filter sock and laying them on 
the base only and not filling the trench with aggregate. Since there was no aggregate in 
the trench, the head loss through the aggregate is negliceted.  
   
  






       
    
  
        
      
 
 
The (  ) values were determined to be 0.47, 0.60, 0.51 for the 10.2 cm leached, 
10.2 cm perforated and the 15.24 cm leached, respectivily. The orifice area not being 
completely punched through (Figure 5-3) and the mesh of the filter sock could attribute to 
the decrease in the (  ) values  and an overall increase in the head loss. On the perforated 
pipe, the occurrence of unpunched or partial punched openings was small, thus the (  ) 
value is only slighly less than that of the typical 0.62 value. It should also be noted that 
this model assumes that the pipe is running full at the outlet. 
 





Equation (5.4) and Equation (5.7) can be written in terms of the non-dimensional 
groups from the dimensional analysis performed above. 
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(5.10) 
Combining (5.9) and (5.10) leads to the following: 
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Simplifying and rearranging Equation (5.11) yields: 
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Solving for  ̂ leads to: 
 
 ̂          
 ̂   
 ̂ ̂ ̂
 √(
 ̂   
 ̂ ̂ ̂
)
 








For the range of flow rates tested, the dominant loss through the system for the 
15.2 cm, leached pipe is the loss through the orifice. The dominant loss term in the 10.2 
cm leached and perforated pipes is the friction loss down the length of the pipe.   
Due to the large number of parameters involved, the easiest way to test the 
validity of the model was to plot the measured flow rate against the predicted flow rate. 
This is shown in Figure 5-4 along with the line of exact agreement. In general the model 
does an excellent job of predicting the flow rate through the aggregate – pipe system. The 
figure shows that for the 10.2 cm leached and perforated pipes, the calculated flow rate is 
accurate with almost a one to one relationship with that of the observed values. The 15.2 
cm leached pipe is well predicted for high flow rates due to the fact that this model 
assumes that the outlet is running full. For the low flow rates, the model over predicts the 
flow rate due to the pipe is not running full at that point as seen if Figures B-1 through  








Figure 5-4. Predicted values compared to observed values for flow rate in the saturated flow condition using 
Equation (5.7) 
For the range of aggregate covers tested a quick comparison of the loss terms 
revealed that the head loss due to the aggregate was less than 0.5 percent of the total head 
loss and could be considered negligible. As such, Equation (5.1) can be rewritten as seen 
in Equation (5.15). 
            
(5.15) 
Solving for Q yields the following: 
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While the model presented above does a good job of collapsing the experimental 
data, there is still some spread in the data. It is therefore important to understand if this 
variability is due to experimental uncertainty or a problem with the model. To establish 
this, an uncertainty analysis was performed to calculate the likely variability in the model 
parameters.  
A review of the experimental setup and measurement technique was used to 
estimate the uncertainty in the measured values of water height, aggregate height, 
aggregate hydraulic conductivity, trench width, trench length, pipe cross sectional area, 
the pipe friction factor, pipe orifice coefficient, total inlet area, and porosity of the rock 
and filter sock. Equation (5.7) was used along with standard uncertainty analysis 
techniques (Taylor, 1939) to get the following expression:  
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The uncertainty in the constant N can be calculated from 
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(5.24) 
The uncertainty for each term as a percentage of the total uncertainty can be found 
in Table 5-1.   
Table 5-1. Uncertainty for Saturated terms 
Pipe Type ±A ±B ±C 
4" Leached 65% 1% 35% 
6" Leached 62% 1% 37% 
4" Perforated 58% 1% 42% 
 
From the uncertainty analysis it can be seen that the uncertainty in the A term is 
the dominant factor in the uncertainty in the flow rate for all pipe types. Within the A 
term, the dominant term is the N term which accounts for almost 99.9% of the total 
uncertainty within the term. The dominant terms in the N term are the friction factor of 





Table 5-2. Uncertainty terms for N 
±  ±  ±   ±       ±  
24% 1% 0.1% 0.1% 78% 
 
The total expected uncertainty in the calculated flow rate is ±   . The data from 
Figure 5-4 is re-plotted in Figure 5-5 along with lines representing the expected range of 
uncertainty. The expected range of uncertainty encloses the entire data set recorded 
implying that the proposed model is acceptable given the uncertainty in the input 
conditions.  
 






























CHAPTER 6  
ANALYSIS OF UNSATURATED RESULTS 
 
Dimensional Analysis of Unsaturated Experimental Data 
The dimensional analysis performed in Chapter 5 can also be used for the 
unsaturated condition, expect now,     for all trials.  Figure 6-1 shows a plot of the 
non-dimensional flow rate versus the non-dimensional water depth.  
 
Figure 6-1. ̂  vs  ̂ for the unsaturated experimental data. The line is a linear best fit line. 
Clearly, the data in Figure 6-1 is not as tightly grouped than that of the saturated 
condition data (Figure 5-2). However, there is still significant spread in the data and the 
parameterization fails to account for most of the parameters in the problem as given in 






















the dimensional analysis section in the previous chapter. Again, a more detailed 
predictive model is required. Figure 6-2 displays a cross section of the trench in the 
unsaturated condition.  
 
Figure 6-2.Longitudinal cross sectional diagram when in the unsaturated condition to define the parameters 
used. Not to scale. 
Predicative model for pipe discharge under unsaturated conditions 
Similar to the saturated condition, it will be beneficial to be able to predict the 
discharge for the unsaturated condition. Since the water is contained within the aggregate 
cover, the unsaturated flow rate is a function of pipe area, orifice area, height of water 
above the invert, the hydraulic conductivity, the plan surface area of the aggregate trench, 





In the saturated flow, the water surface was level. Therefore, there was no 
longitudinal head loss in the aggregate as the longitudinal flow direction occurred mostly 
above the aggregate layer. As such, the flow could be assumed vertical and only the 
vertical head loss in the aggregate is accounted for in Equation (5.2). However, in the 
unsaturated flow, the water level decreases along the channel (see Figure 4-6, 6-2). 
Therefore, there is significant head loss along the aggregate trench that must be 
accounted for in the model. 
Applying the energy equation the following is obtained.   
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Solving for Q leads to: 
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(6.3) 
Figure 6-3 shows Equation (6.2) plotted with the upstream, downstream, and an average 
of the two depths. A plot of the measured flow rate versus that predicted by Equation 
(6.2) using the upstream head is plotted in Figure 6-4 since this is where the energy 






Figure 6-3.Equation 6.2 with the upstream (hallow symbols), downstream (black symbols) and average (gray 
symbols) water heights used to calculate the flow rate through the system. 
 




















































L4 - Not Full at Outlet
L6 - Not Full at Outlet
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It should be noted that the assumption for the pipe running full is weak in the unsaturated 
case because the flow rates are low and the pipe is not running full. Figures C-1 through 
C-3 located in Appendix C display the head profiles inside the pipe for the unsaturated 
case, providing further proof that the pipe is not running full at the outlet for low flow 
rates. In the unsaturated case when the outlet of the pipe is not flowing full, the flow 
inside the pipe becomes and open channel flow problem with the flow being controlled 
by the outlet.  
From this it is possible to establish the dominant terms in the model for the 
unsaturated flow. In Equation (6.7) the dominant term controlling the head loss through 
the system is the head loss through the aggregate.  
Similar to the saturated condition, Equation (6.1) can be written in terms of the 
non-dimensional groups from the dimensional analysis performed above. 
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(6.5) 
Combine Equations (6.4) and (6.5) to obtain the following: 
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Simplifying and rearranging Equation (6.6) yields: 
  ̂  
 ̂ ̂
( ̂  
 
 )  ̂ ̂






 ̂  





  ̂ 
 





Solving for  ̂: 
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There is more spread in the data for the unsaturated flow compared to the 
saturated flow condition as seen by comparing Figure 6-4 and Figure 5-5. It is therefore 
important to repeat the uncertainty analysis to check if this is a model problem or a 
measurement problem. Following the same procedure as for the saturated case, the 
uncertainty was determined using: 
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The uncertainty in the constant N can be calculated from 
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The constant N’s uncertainty can be calculated in the same manner as in the 
saturated condition Equation (5.24). The percent of uncertainty of each measured term in 
respect to the total uncertainty can be found in Table 6-1.  
Table 6-1. Uncertainty terms for the unsaturated condition 
Pipe Type ±A ±B ±C 
4" Leached 53% 42% 5% 
6" Leached 50% 45% 5% 





From the uncertainty analysis it can be seen that the uncertainty in terms A and B 
are the dominant factors in the uncertainty in the flow rate for all pipe types. This is 
expected as the losses through the aggregate and pipe have significant uncertainty due to 
the inability to replace the aggregate in the same manner for each test as such, the total 
uncertainty expected in the prediction of the pipe discharge is     . The data in Figure 
6-4 is re-plotted in Figure 6-5 along with lines indicating the expected uncertainty. Again, 
all the data falls within the expected range indicating that the difference between the 
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CHAPTER 7  
DISCUSSION AND CONCLUSION 
 
In the saturated flow condition, the water surface is parallel to the pipe and the 
predominant flow direction occurs in the vertical direction. As such, as long as the water 
surface is parallel to the pipe and the outlet is flowing full it can be considered ‘saturated’ 
even when the water surface is contained within the aggregate. However, in the 
unsaturated flow condition, the water level decreases along the channel (see Figure 4-6). 
Therefore, it is irrelevant if the aggregate within the trench is completely saturated (as it 
was defined in the experimental results) to determine if the flow condition is saturated or 
unsaturated. Thus, it becomes completely dependent upon whether the water surface 
profile above the pipe is parallel to the pipe (saturated) or not (unsaturated) and if the 
pipe is flowing full at the outlet.  
Practical Applications 
In the field, perforated pipes are commonly used in under-drain systems such as 
infiltration trenches, French drains, porous pavement drainage, and bioretention ponds. 
The results produced from this research for the saturated condition can be applied to 
trenches or under-drains where the aggregate or soil covering is completely saturated or 
where the inflow is normal to the pipe and the resulting water surface is parallel to the 
pipe. The unsaturated condition is less applicable due to the nature of the experimental 





scenario is dependent on the characteristics of the site and it is likely that in some 
instances the unsaturated case may be relevant. 
An infiltration trench is used to capture and treat a volume of stormwater runoff. 
This BMP consists of a stone-filled trench in which runoff is collected and percolated 
into the surrounding soils (State of Maryland, 2011). Infiltration trenches, when in the 
saturated condition, are an excellent application of the research results that have been 
obtained. Here, the experimental setup is very similar to that of the in situ trenches.  
When design storm events occur over an extended period and the aggregate in the 
trench has had time to become saturated, the under-drain helps remove the excess water 
to reduce ponding on the surface. Depending on whether the water surface profile is 
parallel to the pipe or not, the flow rate out of the pipe can be modeled by the use of the 
saturated or unsaturated models. Infiltration trenches can be used for LID and found on 
the side of roadways to capture runoff, or placed in residential or industrial settings, 
allowing the flow rate out of the pipe to be modeled using Equations (5.7) or (5.14). 
Similarly, infiltration basins can be used with under-drains; in this case, there may be 
several under-drains in parallel across the width of the basin. If the basin was divided into 
separate drainage areas, such that the flow paths only went to one pipe, the same 
procedures as above can be performed.  
For infiltration trenches, the trench design with under-drains in the saturated 
condition can be performed using a number of different methods based on what 





area of the pipe, total area of the orifices, friction factor of the pipe (or the corresponding 
corrugation height), length of the pipe, and the hydraulic conductivity of the aggregate 
material. Once the infiltration trench has been designed, the runoff can be routed through 
the trench using the developed models for the stage storage relationship.   
Another BMP/LID design that incorporates under-drains is the bioretention basin. 
Bioretention systems (also referred to as bioretention areas, bioretention facilities, 
bioretention filters, bioretention cells, or rain gardens) are structural stormwater control 
practices that capture and temporarily store the water quality volume using engineered 
soils and plants in shallow basins or landscaped areas (East Baton Rouge Parish, 2007). 
Under-drains are typically installed in these systems to reduce or prevent ponding on the 
surface. Similar to the infiltration trench, as soon as the water surface profile is 
established above the pipe, the appropriate flow condition model can be applied, allowing 
for the calculation of a stage – discharge relationship to be determined. 
For bioretention basins, the application of the results from this experiment can be 
applied when the water surface profile (parallel or non-parallel) or direction of inflow to 
the pipe (vertical or horizontal) is known. During a long continuous rainfall event or 
several heavy rainfall events over a short period of time, the aggregate surrounding the 
pipe could become saturated and create a parallel water surface above the pipe that yields 
a vertical inflow into the pipe. With that, the flooded model can be applied to the 





Another application for under-drains is in the use of sand filters. Sand filters are 
constructed beds of sand or other suitable granular material usually two to three feet 
deep. Depending on the design, the filter may be situated above ground, partially above 
ground, or below ground, and the filter surface may be single pass or covered. If covered, 
it should be vented to maintain aerobic conditions (Purdue University, 1997). Commonly 
used in wastewater treatment, sand filters have under-drains underneath the sand filter 
bed to collect the treated water and convey it to the next stage of treatment. The sand 
filter basin is typically supplied with untreated waste water through pipes running above 
and parallel to the filter bed. Since the untreated waste water is continuously fed into the 
system, the water surface above the under-drain will develop such that is parallel above 
the top of the pipe allowing for the use of the flooded model results.   
For the unsaturated condition, applications for field use are limited due to the 
configuration of the experimental setup with water only entering the trench from one end.  
However, one application may be used for an outlet control structure from a small pond 
that has a trench and under-drain. The trench opening could be at the edge of the pond 
where the pipe is laid at the bottom of the pond or higher depending on the use of the 
pond and the height of the aggregate cover is higher than that of the water surface 
elevation. This would create an unsaturated water surface profile in the aggregate cover 






The experimental limitations of this study are controlled by the flume used in the 
experimentation. The experimental setup consisted of a tee shaped flume with a Plexiglas 
dam located at the downstream end of the tee junction, which has a cutout such that the 
porous pipe can discharge back into the sump tank. Upstream of the dam, which is where 
the pipe and aggregate are placed to create the trench, the size and shape of the channel 
limits the amount of water that can be built up over the pipe. There are also limits at the 
downstream end of the dam, where the pipe discharges through the dam into the sump 
pool. In the sump, it was important to keep the tail water at a constant elevation below the 
pipe outlet and high enough to prevent the pumps from drawing in air. If the invert of the 
pipe at the dam was below that of the tail water elevation then the resulting discharge was 
no longer a free over fall and the results would be skewed. If the pumps began to draw in 
air, the discharge from the pumps became unstable (not constant with time) and could 
damage the impeller blades of the pump if continued for a period of time. If the pump 
rate, which represents the stormwater runoff to the trench, was set above 18 liters per 
second (L/s) then the water would build up faster than the pipe could discharge and 
become too high behind the dam, which would lead to the dam being overtopped and the 
potential risk of flooding the lab. Thus, the experimental flow rates ranged from 2 to 18 
L/s. The maximum depth was aggregate above the top of the pipe was limited to 30 cm to 
allow water to build up on top of the aggregate during the saturated condition testing 





Measuring the water surfaces at the weir, above the aggregate that covered the 
pipe and the water height that was contained within the aggregate was limited to the use 
of a meter stick and the visually observed water surface level (WSL). There were also 
only a few positions at which the water surface elevation is measured at the edge of the 
flume. The depth of the water at the foot of the weir was measured inside the flume and 
the WSL was read from behind a Plexiglas window. This could cause a slight uncertainty 
in readings from diffraction of the Plexiglas.  
Conclusion 
In conclusion, it can be seen that, in the previous research conducted in storm 
water management, and BMP/LID development, the effect that porous pipe under-drains 
have on the system has not been adequately taken into account. From the experimental 
results of this study, it can be seen that, for pipes buried in loose laid aggregate, the pipe 
flow losses can be the dominant losses through the system and must be accounted for in 
any stage - discharge model.  
The experimental results showed that there were two distinct flow regimes, 
saturated and unsaturated; the saturated condition occurs when the water level is at or 
above the aggregate cover and the unsaturated when the water level is below the 
aggregate cover. With the two distinct flow conditions, the raw data was divided such 
that there were unsaturated and saturated data sets.  
A predictive model for the flow rate through the system given a specified head 





equations were used to develop an equation for flow rate as a function of water height 
above the aggregate cover plus the height of the cover. The model predicted successfully 
the flow rate measured within the experimental uncertainty in the system that was 
estimated to be ±17 percent. For the unsaturated condition, the flow is predominantly 
horizontal in the aggregate and, as such, the Darcy flow losses dominate the flow rate 
calculations.  As the uncertainty in the hydraulic conductivity of the aggregate was large, 
the resulting total uncertainty in the system was higher for the unsaturated case (±56%). 
It should be noted that the fit of the models are only applicable to the range of flow rates 
and driving heads tested.  
The experimental results presented the distinction between the saturated and un-
saturated cases, which was dependent on whether or not the aggregate layer was fully 
immersed in the water. When it was, the dominant flow direction in the aggregate was 
vertical as the horizontal flow occurred above the aggregate layer. For the unsaturated 
case the dominant flow direction was horizontal. Therefore, when applying the developed 
models, the distinction between saturated and unsaturated should not be whether or not 
the aggregate is fully submerged, but rather whether or not the dominant flow direction is 
vertical or horizontal. For example, an under-drain below a porous parking lot could still 
be considered saturated as the dominant flow direction is vertical.  
As seen above there are many different practical applications for this research in 
the saturated condition, such as infiltration trenches and basins, bioretneion basins, sand 





setup where the water entered the trench at the upstream end, the practical applications of 




































 Pump and Motor Characteristics 
 
Table A-1. Pump Motor Specifications 
Baldor Reliance Super-E Motor 
Cat No. EM3615T 
Spec. 36G271S268G1 
HP 5 
Volts 208-230 / 460 
Amps 13.9 - 13.4 / 6.7 
R.P.M 1750 
Frame 184T HZ 60 PH 3 
Ser. F. 1.15 Code J Des  B Class F 
Nema Nom. Eff. 89.50% P.F. 78% 
Rating 40C AMB - CONT 
CC 010A USEABLE AT 208V 13.9 A 
Bearings DE 6206 ODE 6205 

























Pipe Head Profiles – Saturated Flow Condition 
L4 Saturated flow condition pipe head profiles: 
 
Figure B-1. Head profiles inside the L4 pipe under saturated flow conditions. 
L6 Saturated flow condition pipe head profiles: 
 













































PF4 Saturated flow condition pipe head profiles: 
 












































Pipe Head Profiles – Unsaturated Flow Condition 
L4 Unsaturated flow condition pipe head profiles 
 
Figure C-1. Head profiles inside the L4 pipe under unsaturated flow conditions. 
L6 Unsaturated flow condition pipe head profiles 
 
























































PF4 Unsaturated flow condition pipe head profiles  
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